In this paper, the authors propose the availability analysis of a dual open-end stator windings asynchronous machine. Each open-end stator winding is supplied by two PWM voltage source inverters. The active and passive redundancy of the inverters improves reliability, availability, and safety of the system since the loss of inverter losses does not stop the machine. Indeed, for active redundancy, in the case of failure of the inverter, the corresponding winding
Introduction
Power segmentation has become essential for the industrialization of high-power equipment. The concept of power electronic building blocks, initiated by the Office of Naval Research and the Center of Power Electronics Systems, aims to improve the reliability, modularity, standardization, scalability, reconfigurability, and cost of electrical systems in many fields including railways applications, aeronautics, electrical propulsion of ships, and electrical vehicle systems [1, 2] .
Considerable interest is given to multiphase machines, or the multistar asynchronous machines and openend winding asynchronous machines [3] [4] [5] [6] [7] .
The use of the multistar asynchronous machine improves the torque quality and offers multiple redundancy degrees, which allows the improvement of the reliability of the system and assurance of power segmentation; however, this machine has a disadvantage for the current quality. If the multiple stars are of opened extremity [8] [9] [10] , this increases the advantages of this machine; indeed, there will be the best current quality, more redundancy degrees to operate in degraded mode, and better power segmentation since the inverter power is divided by two, which reduces the clutter and especially the possibility of rise in power of the machine.
This feature allows improvement of reliability and availability of the concerned system. The dual openend winding stator induction machine is composed of two sets of stator windings spatially shifted by 0 • or 30 • .
In the fault-tolerant topology, each open-end winding stator is supplied by two voltage source inverters, offering redundancy that can be utilized to enable the operation with a faulty inverter.
In the first part of this paper, the authors explain the simulation model of a dual open-end winding induction machine for voltage supply by four three-phase inverters using the MATLAB/Simulink environment.
In the second part, they propose the active redundancy operation of the feeding machine and the conditions that must be respected to guarantee the performance of the drive system.
In the final part, they present the passive redundancy operation of the supply dual open-end winding induction machine.
Simulation model for voltage supply
The dual open-end winding induction machine is supplied by four voltage source inverters as shown in Figure 1 . The mathematical flux model is written in the (d,q) reference frame and described by the following state equation representation:
where: X(t)=[Φs d1 , Φs q1 , Φs d2 , Φs q2 , Φr d , Φr q ] t is the state vector of flux,
control vector of voltage, and Y(t) = [Is d1 , Is q1 , Is d2 , Is q2 ] t is the output vector of the current.
The functional diagram is given in Figure 2 .
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In the case of failure in inverters A 1 and A 2 , it could be disconnected from windings A of the stator winding.
In the inductance matrix [L d,q ] f ault1 , the terms involving Ms 1 r and Mss can be ignored.
Similarly, in the inductance matrix [L d,q ] f ault2 , the terms involving Ms 2 r and Mss can be ignored in the case of the disconnection of stator winding B. 
The drive mechanical equation is given as follows:
T em : the electromagnetic torque, T r : the load torque.
Modeling validation
The In the following cycle of operation, at t = 0 s to t = 0.6 s, the system has a starting cycle, and from t = 0.6 s to t = 1 s, the machine is working in no-load conditions. At time t = 1 s, a load torque Tr = 300 mN is applied. Figure 3 shows the pole voltage machine U A = (Vs A11 -Vs A12 ) -(Vs A21 -Vs A22 ) of windings A, the pole voltage machine U B = (Vs B11 -Vs B12 ) -(Vs B21 -Vs B22 ) of windings B, the stator currents, the speed, and the torque. 
Redundancy operation

Supply machine by active redundant inverter
A drive-motor in a fault-tolerant configuration employs four identical inverters to supply the dual open-end stator winding asynchronous machine. The system detects faults in the inverters and places a faulty unit offline while continuing to operate using the healthy inverters.
The starting of the machine is ensured by the feeding of the two windings, stator A and B, with four 2-level inverters. At t = 1.5 s, we simulated the disconnection of inverters A 1 and A 2 . The machine continued to operate by the two inverters B 1 and B 2 , as shown in Figure 4 . Figure 5 shows the phase to phase voltage (Vs A11 -Vs A12 ) for entry 1, (Vs A21 -Vs A22 ) for entry 2 of windings A, and the pole voltage machine U A that equals zero of failed A 1 and A 2 inverters at t = 1.5 s. It also shows phase to phase voltage (Vs B11 -Vs B12 ) for entry 1, (Vs B21 -Vs B22 ) for entry 2 of windings B, and the pole voltage machine U B . Figure 6 shows the stator currents, the speed, and the load torque. The operation of the machine must be reduced to 50% of the nominal speed for torque Tn = kn. In the case of Tn = kn 2 the operation of the machine must be reduced to 70% of the nominal speed. 
Supply machine by passive redundant inverters
The starting of the dual open-end stator winding induction machine is ensured with supply stator windings B as shown by Figure 7 . At time t = 1.5 s, we simulated the disconnection of the two inverters B 1 and B 2 , and the two inverters A 1 and A 2 are ensuring the continuity of machine operation as shown in Figure 8 . Figure 9 shows the stator currents, the speed, and the load torque for the starting of the machine fed by B 1 and B 2 inverters. At t = 1.5 s they fail and then the feeding machine is ensured by the A 1 and A 2 inverters. The operation of the machine must be reduced in speed at 70% of the nominal speed for torque Tn = kn 2 . 
Conclusion
We have implemented the simulation model of a dual open-end stator winding asynchronous machine supplied by four three-phase inverters in the MATLAB/Simulink environment.
The simulation results show the efficiency of the machine structure for power segmentation; indeed, the inverters are dimensioned for quarter power of the machine, And particularly for the double-star asynchronous machine requiring two inverters uncatalogued, the use of the dual open-end winding asynchronous machine can solve this problem.
The active redundancy of the inverters improves the reliability, availability, and safety of the system since the loss of a phase does not stop the dual open-end winding induction machine.
The passive redundancy of the inverters increases the level of reliability and improves the availability since in the event of disconnection of two of the inverters the failed inverters do not affect the continuity of service.
The machine structure is very interesting for active or passive redundancy but operating conditions must be respected. Indeed, the speed must be reduced to 50% or 70% of nominal value if the load torque is of the type kn or kn 2 , respectively.
The simulation results show that it would be very interesting to use the field-oriented control strategy to reduce the currents and torque peaks when the inverters fail.
